hip resurfacing hip replacement osteonecrosis avascular necrosis metal-on-metal uncemented a b s t r a c t Background: The optimal surgical treatment for osteonecrosis of the femoral head has yet to be elucidated. To evaluate the role of femoral fixation techniques in hip resurfacing, we present a comparison of the results for 2 consecutive groups: group 1 (75 hips) received hybrid hip resurfacing implants with a cemented femoral component; group 2 (103 hips) received uncemented femoral components. Both groups received uncemented acetabular components. Methods: We retrospectively analyzed our clinical database to compare failures, reoperations, complications, clinical results, metal ion test results, and X-ray measurements. Using consecutive groups caused time interval bias, so we required all group 2 patients to be at least 2 years out from surgery; we compared results from 2 years and final follow-up. Results: Patient groups matched similarly in age, body mass index, and percent female. Despite similar demographics, the uncemented, group 2 cases showed a lower raw failure rate (0% vs 16%; P < .0001), a lower 2-year failure rate (0% vs 7%; P ¼ .04), and a superior 8-year implant survivorship (100% vs 91%; log-rank P ¼ .0028; Wilcoxon P ¼ .0026). In cases that did not fail, patient clinical (P ¼ .05), activity (P ¼ .02), and pain scores (P ¼ .03), as well as acetabular component position (P < .0001), all improved in group 2, suggesting advancements in surgical management. There were no cases of adverse wear-related failure in either group. Conclusion: This study demonstrates a superior outcome for cases of osteonecrosis with uncemented hip resurfacings compared to cases employing hybrid devices. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
uncemented Biomet ReCap TM system, which includes the first uncemented, fully porous-coated femoral component for MOM HRA. Its intended design pairs it together with the uncemented Magnum TM acetabular component. We first employed this porous ingrowth device in March 2007 and have continued to use it exclusively in all total resurfacing patients since 2008 [4] .
The relative merits of these and other implants employing porous ingrowth fixation vs those fixed with polymethylmethacrylate cement continue to be debated by surgeons and scientists worldwide. Porous fixation was first introduced in the 1970s, and now, approximately 60% to 90% of the 300,000 THAs performed per year in the United States involve these uncemented components [25] . As THAs move toward eliminating cement entirely, many HRA systems still continue to use femoral cement [24, 26] . Although the results of cemented HRA implants are satisfactory for cases of OA [16, 27] , femoral failure in HRA remains a problem in high-risk, ON patients. The exothermic reaction generated from cement curing may lead to damage of the femoral head [28] and could influence these failure modes. A benchtop study [29] determined that increased temperature develops in cystic defects filled with cement, confirming the suspected hypothesis that cement results in thermal damage of the femoral head. In another study, the same author reported a higher incidence of femoral failures when cysts are present [28] . In our own study of femoral complications with head cysts, we found no difference in failure rate when cysts were present or not, but our technique involved filling cysts with acetabular bone graft before cementing [30] . This discrepancy between publications also supports the hypothesis that thermal injury from cement may be a causative factor in femoral failures after resurfacing. Hybrid fixation for MOM hip resurfacing is the current standard, but they exhibit a higher failure rate when implanted into patients with ON. Critics of uncemented femoral resurfacings contend that osteonecrotic femoral heads lack adequate blood supply to allow bone ingrowth and stable fixation into a porous coating. In our experience, however, we encounter live, bleeding bone at the base of the femoral head in all resurfacing cases for ON. If the femoral head were truly dead, we suggest that all implants would migrate radiographically and be symptomatic by 2-year follow-up.
The primary goal of this study is to examine 3 hypotheses on the reduction of femoral failure in resurfacing of the necrotic hip: First, uncemented fixation with a fully porous-coated implant will eliminate cement-related failures caused by thermal bone necrosis, cement toxicity to bone, or cement fatigue failure. Next, porous femoral implants will achieve stable implant fixation as evidenced by lack of migration or stem radiolucency at 2 years postoperation. Lastly, using a completely uncemented resurfacing system will eliminate both early and late femoral failure modes.
Materials and Methods

Patients and Methods
From January 2001 to August 2013, a single surgeon performed 3262 HRA procedures. Of these, we identified 178 cases (5.5%) in 150 patients with a primary diagnosis of ON as our study group from the prospective database. Choosing August 2013 as a cutoff allowed at least 2 years of follow-up for each patient. We offered The metallurgical composition of the Biomet system is highcarbon (0.2%) cast Co-Cr alloy without heat treatment. Each individual component was quality tested, with surface roughness less than 0.5 mm and a radial clearance of 75 mm. The ReCap TM femoral component has a hemisphere undersurface on top of a cylindrical section. The cylindrical stem is 8 mm in diameter. The apex of each component is 6-mm thick, tapering to 0 at the head-neck junction. The cemented femoral component has a grit blast Co-Cr undersurface with a machined radial gap of 0.5 mm for cement. The uncemented femoral component has a titanium plasma-spray plus hydroxyapatite coating for enhanced bone ingrowth. Similar femoral tools are used, but the uncemented femoral component has a 0.5-mm radial press fit over the machined bone surface. The femoral instrumentation was the first designed using a measured resection philosophy. This allows the surgeon to reproduce femoral length or to increase or decrease it by up to 6 mm to correct for mild deformity.
This was also the first system to offer 2-mm increment sizing to allow more accurate matching of the implants to the patient's particular anatomy, with femoral component sizes ranging from 38 to 60 mm. A matching Magnum TM acetabular component was originally available for each femoral size, and beginning in 2007, an Kaplan-Meier survivorship analysis using revision as an endpoint. Survivorship at 8 years was 88% for the hybrid group and 100% for the uncemented group. Results of the log-rank test (P value ¼ .0028) and Wilcoxon test (P value ¼ .0026) revealed femoral fixation method (cemented/uncemented) is a significant factor affecting survivorship. We postulate that cemented fixation of the femoral component is the most significant risk factor in HRA. "H" stands for hybrid and "U" stands for uncemented. White circles represent deaths unrelated to the patients' hip arthroplasties. An asterisk (*) represents a statistical difference. HRA, hip resurfacing arthroplasty.
additional Magnum TM Tri-Spike component also became available for each size.
The acetabular component is 3-mm thick at the equator and 6mm thick at the pole, including the porous coating. Additional thickness at the apex increases stiffness of the components, decreasing deformation during impaction. The porous coating is titanium-plasma spray to allow for bone ingrowth. Four pairs of small fins are present to add rotational control. The acetabular bearing profile arc ranges from 154.6 in the smallest component to 163.6 in the largest component. These implants are slightly thinner than most others on the market.
The Corin device is no longer sold. It had similar metallurgy as the Biomet devices but was heat treated. The femoral implant was cemented employing a grit blast femoral component and instruments to cut a line-to-line fit. Three derotational longitudinal splines were present. The acetabular component had a 2-mm rim flare and 3 peripheral thick fins, and the coating was dual titaniumplasma spray with hydroxyapatite. Coverage arcs were similar to the Biomet device.
Procedure
All HRA cases were performed through the posterior approach as previously described [33] . Loose necrotic bone and cystic soft tissue were removed, and well-fixed necrotic bone was bored into with a 1/8-inch drill. Cement technique in group 1 included applying high-viscosity cement in thin layers to both implant and bone immediately after mixing, and the segmental bone defect was filled with cement. A cement trough was present on the inferior surface of the head for cement to escape. In group 2, defects were filled with acetabular reamings before impacting the uncemented femoral component.
Postoperative Protocol
Weight bearing was advanced as tolerated by the patient. For most patients, crutches were used for 2 weeks and a cane for 2 weeks thereafter. There was no formal physical therapy required following hospital discharge. Unlimited activity was allowed at 6 months after surgery. The use of multimodal pain management and comprehensive blood management protocols eliminated the need for transfusion and accelerated recovery. Since 2012, resurfacing has been performed as an outpatient procedure on select patients.
Metal Ion Testing
We use our database to collect blood, serum, and plasma metal ion test results, which we routinely ask of our patients at 2 years postoperation. We initiated routine ion testing in 2007, and we also recommended ion testing at least once for all patients operated on before this time. As previous reports suggest, we use metal ion levels as indicators for potential failure due to excessive implant wear, a phenomenon we refer to as adverse wear-related failure (AWRF) [34] . We used whole blood ion levels for all comparisons, and in cases with only serum or plasma levels recorded, results were converted to whole blood ion levels by Smolders' method [35] . In our opinion, the most scientifically valid blood ion data and guidelines have been published by DeSmet and Van der Straeten [36] ; therefore, we employed their methods to categorize ion levels as either "optimal" or "potentially toxic." We expanded these classifications based on our own previous research and defined whole blood ion levels <10 mg/L as "acceptable" and those 10 mg/L as "problematic" [37] [38] [39] . In all, we established 5 different ion level categories: normal, optimal, acceptable, problematic, and potentially toxic (See Table 2 legend for metal ion reference values).
Clinical and Radiologic Analysis
Office or remote follow-up was requested of all patients at 6 weeks, 1 and 2 years, and every other year thereafter. A clinical questionnaire, radiograph analysis, and a physical examination testing range-of-motion and strength were performed at each visit; physical examinations were no longer completed routinely on remote follow-ups after 1 year. We used the OrthoTrack database (Midlands Orthopaedics, Columbia, SC) for collection and analysis of the demographic, clinical, metal ion, and radiographic data.
Patient questionnaires collected information to calculate the following scores for clinical evaluation: Harris hip score for functional assessment (HHS) [40] , University of California, Los Angeles (UCLA) activity score [41] , and visual analog scale (VAS) pain score for normal and worst days [42] . UCLA activity scores measure activity level after surgery on a scale from 1 to 10, for which 10 represent the highest level of activity; VAS pain scores rate the level of pain from 0 to 10, with 0 representing no pain and 10 representing maximum, debilitating pain.
Supine and standing anterior-posterior pelvis and lateral radiographs are taken and analyzed for component position, shifting, and radiolucencies. The acetabular inclination angle (AIA) is determined by taking the angle between a measurement line running across the face of the acetabular component and a reference line horizontal across the inferior pubic rami (Fig. 1 ). All measurements were taken using OrthoTrack (Midlands Orthopaedics) and InteleViewer (InteleRAD, Chicago, IL).
Statistical Analysis
Statistical analyses were performed using Microsoft ® Excel (Microsoft, Redmond, WA) and JMP ® (SAS, Cary, NC). Paired, 2-tailed Student t-tests were performed to find significant differences between numeric variables, and chi-square analyses were used to determine differences in categorical variables. Two-sample proportion Z-tests were used to compare ratios between the 2 groups. All tests were carried out at a ¼ 0.05. Kaplan-Meier (KM) survivorship curves were generated using revision as an endpoint to estimate postoperative survival rates of implants. A log-rank test and a Wilcoxon test, at a ¼ 0.05, were performed to test whether the implant survivorships were statistically different.
Results
KM implant survivorship (Fig. 2 ) at 8 years using revision as an endpoint was 100% for group 2, compared to 91% for group 1 (log-rank P ¼ .0028; Wilcoxon P ¼ .0026). Two-year KM implant survivorship using revision as an endpoint was 100% for uncemented group 2 and 93% for hybrid group 1 (P ¼ .04). We present KM survivorship grouped by implant type for all failures (Fig. 3) , for Biomet implants only (Fig. 4) , for cemented femoral failures only (Fig. 5) , and for group 1 and 2 femoral failures ( Fig. 6 ). Four ON patients, all from group 1, died of causes unrelated to their hip arthroplasties.
Failures requiring component revision are listed in Table 3 . No cases in group 2 failed, whereas in group 1, 16% of hips (12/75) failed (P < .0001). The most common mode of failure was loosening of the femoral component (5/75; 6.7%), accounting for 42% of all failures. All 5 femoral failures were revised to THA. Two of the group 1 failures (2/75; 2.7%) were caused by loosening of the acetabular component: 1 failure occurred at 5 years and was revised to a THA; the other occurred at 8 years and was treated with an acetabular component revision. Five cases failed due to other causes and were all converted to THA. These included 2 cases of late, hematogenous infections (2/75; 2.7%), a recurrent dislocation revised by another surgeon (1/75; 1.3%), 1 case of unexplained pain (1/75; 1.3%), and 1 case of psoas tendonitis (1/75; 1.3%). The 39year-old female with unexplained pain presented slightly elevated ion levels of Co ¼ 11.9 mg/L and Cr ¼ 7.6 mg/L; at revision surgery, components were found well fixed, and there were no signs of metallosis. Ion levels were resolved to optimal levels by 3 months postoperation. The 52-year-old patient with psoas tendonitis was revised 8 years after her original surgery, reported metal ion levels of Co ¼ 2.1 mg/L and Cr ¼ 2.0 mg/L, and her implant components were found to be well fixed during revision surgery.
Reoperations and other complications not requiring surgery are reported in Table 4 . Group 1 hip-related complications occurred in 2.7% of cases (2/75); there was no significant difference in this frequency of complications compared with group 2. One hybridgroup patient suffered a late, nondisplaced, greater trochanteric fracture that healed with conservative treatment, and the other patient suffered a femoral shaft fracture 14 years after resurfacing and was treated with open plating.
Group 2 hip-related complications occurred in 4% of cases (4/ 103). One patient developed a superficial infection and was cured surgically without implant removal. Another patient incurred wound necrosis, which was treated with plastic surgery without loss of the implant. In 2 cases, significant shifting of the acetabular component occurred within several days postoperatively but quickly stabilized, and both patients were asymptomatic with optimal metal ion levels.
Clinical and radiographic data from most recent follow-up visits are summarized in Table 5 . Average postoperative HHS scores for both groups significantly improved from before surgery (P < .0001), and most of the patients (4/8 group 1, 30/60 group 2 follow-up patients; 50% for both groups) resumed active lifestyles (UCLA 7) by 2 years postsurgery. Average postoperative UCLA activity scores were 6.0 and 6.7 for the hybrid and uncemented groups, respectively (P ¼ .022). Average HHS at 2 years significantly improved in both groups by approximately 45 points, but both preoperative (P ¼ .042) and postoperative HHS (P ¼ .005) were reported higher on average for group 2. These patients also reported lower average VAS pain scores than group 1 (1.1 vs 2.3 on worst days, P ¼ .003, and 0.2 vs 0.5 on regular days, P ¼ .049).
Although we lacked the quantitative data necessary for statistically valid proof on extent of fixation, a visual comparison of microradiographs ( Fig. 7) between cemented and uncemented implants highlights the disparity between the 2 groups. Whereas the microradiograph from group 1 shows fair penetration of the cement into the bone, the microradiograph from group 2 shows extensive bone growth into the porous implant surface, creating a well-fixed, living, stable bone-implant interface. Routine radiographic analysis confirmed that there were no reported instances of osteolysis or radiolucency observed in either group, with the exception of cases ending in failure.
After our development of the Relative Acetabular Inclination Limit (RAIL) guidelines in 2009 [43] , which aims to prevent metal ion wear through the optimal placement of acetabular components, 100% of group 2 implants (101/101 recorded values) were placed at an appropriate steepness, whereas group 1 implants met RAIL criteria in only 80% of cases (57/71 recorded values; P < .0001). X-ray analysis revealed that the average AIA was significantly less steep in group 2, with an average angle of 46 for the hybrid group and 36 for the uncemented group (P < .0001).
Concomitant metal ion data and reference values are presented in Table 2 . A significantly higher percentage of patients in group 2 than in group 1 had normal ion levels (64% vs 34%; P ¼ .045). Cases that resulted in revision of the HRA replacement were considered failures. An asterisk (*) represents a statistical difference. Additionally, Cr levels in bilateral group 2 patients were significantly lower than bilateral group 1 cases (1.5 vs 3.5 mg/L; P ¼ .0077).
There were no other significant differences in the data. There were no cases of AWRF in either group. After the 2007 implementation of routine ion level collection at our clinic, substantially more metal ion data were available (59% vs 24%, respectively; P < .0001), and the interval from surgery to the procurement of ion levels was less (3 vs 8 years; P < .001) for group 2 than group 1. Metal ion results were converted from serum or plasma levels to whole blood levels to facilitate analysis; this conversion occurred in 20% of cases from group 1 and 18% of cases from group 2 (P ¼ .81). Rate of compliance with metal ion testing was less for these ON groups compared to the entire database (60% vs 74%; P < .0001). Groups 1 and 2 were demographically similar (Table 1) , although patients from the uncemented group tended to score higher preoperative HHS (P ¼ .042). Although these data indicate more high-risk ON grades were present in group 2 (P ¼ .011), there were significantly more unrecorded Ficat grades in group 1 
Discussion and Conclusions
These data support all 3 of our initial hypotheses: Our first hypothesis, that no more failures would occur from thermal necrosis or other cement-related complications, holds true as evinced by the complete elimination of femoral failures upon evolving to uncemented, porous devices in 2008. Furthermore, the present study verified our second hypothesis by validating an absence of radiolucencies and component migration in all group 2 cases. Finally, these data justified our third hypothesis because KM survivorship was significantly greater at both the 2-year and 8-year intervals. Simple visual inspection of the KM graphs (Figs. 2-5) should convince the reader of the dramatic difference between these 2 fixation study groups. Despite unnecessary fears of AWRF arising from notorious complications with DePuy ASR systems [44] and poor results at 1 major academic center [45] , we found success in avoiding this failure mode entirely in both groups of this study. We reported similar success in 2014 in the largest AWRF study of its kind. Similar to the findings of others [35] , we found that steeper AIA correlated to higher ion levels [43, 46] . In the present study, mean AIA was significantly lower and more cases met the RAIL guideline in group 2, likely due to our focus heavily shifting onto optimal implant alignment in 2007. Our previous study [43] discusses improvements in surgical techniques to achieve this new goal, and the present study's clinical outcomes reflect these advancements. However, as there are no cases of AWRF in either cohort, this intervention does not conflict with fixation method and its effect on overall change in failure rate.
We note these improvements in the failure rate as well as clinical scores given that all were statistically superior for uncemented cases. Group 2 average HHS and VAS scores were improved from group 1. Likewise, postoperative UCLA activity scores also improved for group 2, which shows consistency with data from others [47, 48] and indicates, unlike stemmed THA [49] , that high activity does not increase the chance of implant failure with HRA.
This study contains several limitations, including 1 notable shortcoming arising from the employment of nonconcurrent groups. We previously determined [5] that all causes of failure are reduced by greater surgeon experience with resurfacing using a single implant. Smith [50] demonstrated that surgeons who perform less than 5 HRA procedures per year achieve lower implant survivorship with HRA than with THA at 5 years. In the present study, group 1 cases were completed over the first 7 years of the senior author performing this operation, whereas group 2 were in the subsequent 6 years of surgeries. Therefore, we recognize the reasonable argument that these improved results potentially arose from enhanced knowledge and technical skills rather than advancements in fixation technique. However, the KM curve for cemented implants only (Fig. 4) shows that there is no difference in femoral survivorship based on improvement in surgical skill alone. Additionally, the present 2-year comparison is valid. This comparison, and the 100% implant survivorship at 8 years, certainly convinces us to employ exclusively uncemented devices, eliminating potential for a future randomized trial at our clinic. We encourage others who still doubt the superiority of porous ingrowth femoral fixation in HRA to undertake such a comparison. The second most notable limitation is the low rate of ion data obtained for ON group 2, which is significantly lower than in our overall database. The cost and inconvenience of going to a special laboratory seems to be too much for patients that show excellent clinical outcome. Additionally, ON patients seem to be less compliant with recommendations than our general patient population, which we suspect may be due to the high rate of alcoholism.
The present study presents an 8-year implant survivorship of 100% in 103 consecutive uncemented hip resurfacings, exceeding previously published results for osteotomy, bone grafting, stemmed THA, and hybrid resurfacing in ON ( Table 6 ). The present study of 178 patients represents the largest report of HRA for patients with ON of the femoral head. Earlier studies of hybrid HRA in patients with ON present survivorship percentages ranging from 86% to 98% [16, 24, 26, 28] . Our 100% success rate in the uncemented group, with an average follow-up of 5 years (range, 2-8 years), is the best reported midterm survival rate of HRA for ON, to our knowledge.
Although implant survivorship for HRA performed by expert surgeons [51] are superior to those of THA in young men with OA [52, 53] , resurfacings in certain high-risk subgroups, such as ON, have continued to exhibit undesirable durability similar to THA systems. This study demonstrates that, with uncemented fixation, HRA can be dramatically improved for these challenging cases. Many resurfacing surgeons have limited or abandoned hybrid resurfacing in ON because of the less favorable results when compared to OA. Based on the notable results reported herein, we suggest that these surgeons consider uncemented resurfacing as an alternative.
1. HRA with porous ingrowth femoral components provides superior clinical results and better implant survivorship than cemented HRA in patients with ON. 2. 100% of uncemented resurfacings achieve stable fixation in ON by 2 years postoperation. 3. AWRF is rare in HRA for the treatment of ON of the femoral head, which primarily occurs in young men (80% of ON cases). 4. Reducing AIA improves wear of metal bearings as shown by the reduction of blood ion levels. 5. The results of uncemented HRA compare favorably with the results of THA and other nonarthroplasty options for advanced-stage ON.
